DNA base composition asymmetry is at the basis of numerous in silico methods for the detection of the origin and terminus of replication in prokaryotes. However, most of these methods are unable to identify the evolutionary mechanisms that cause the base composition asymmetry. In prokaryotic chromosomes, due to the tendency for coorientation between replication and transcription, compositional biases that discriminate the leading strand from the lagging strand can be produced by 2 superposing mechanisms: replication-associated mutation bias and coding sequence-associated bias (such as transcription-related mutational processes or selective pressures on codon usage). We propose here a new method for the analysis of nucleotide composition asymmetry that allows the decoupling of replication-related and coding sequence-related mechanisms. This method is inspired by a recent work (Nikolaou and Almirantis 2005) that proposed an artificial chromosomal rearrangement meant to create a perfect gene orientation bias. We show that the study of nucleotide skews on the artificially rearranged chromosomes is a powerful means to assess the contributions of the 2 types of mechanisms in generating the base composition asymmetry. We applied our method to all completely sequenced prokaryotic chromosomes available. Our results confirm that in most species the replication mechanism has an important effect on base composition asymmetry but also that it has different impacts on GC and AT skews. We also analyzed the variability in AT skew direction encountered in prokaryotes. In disagreement with a recent report (Worning et al. 2006) , we find that the polymerase-a subunits encoded in a genome are not sufficient to predict the sign of the AT skew on its leading strand for replication.
Introduction
With the increasing availability of complete genomic sequences, it has become clear that the DNA replication mechanism is an essential factor in the organization of prokaryotic genomes. As a general rule, prokaryotic chromosomes are characterized by one bidirectional origin of replication and one terminus that define the boundaries of the replichores. The replication process is asymmetric with respect to the 2 DNA strands; the leading strand is synthesized continuously, whereas the lagging strand is replicated in a fragmented manner. Within a replichore, the 2 DNA strands can be highly asymmetric with respect to gene content and nucleotide composition.
The influence of the replication mechanism on the structure of prokaryotic chromosomes was documented before the genomic era, when an analysis of the Escherichia coli chromosome showed that genes coding for ribosomal proteins and rRNAs tend to be localized on the leading strand, so that transcription and replication occur in the same direction (Nomura et al. 1977) ; it was later confirmed that the coorientation between transcription and replication can be extended to other classes of protein-coding genes in E. coli (Brewer 1988 ). An explanation was provided by the ''polymerases collision'' hypothesis, stating the existence of a selective pressure that minimizes the risks of head-on collisions between the DNA replication complex and the RNA polymerase, likely to be deleterious for the organism (Nomura et al. 1977; Brewer 1988) . The analysis of the first complete genomic sequences proved that the extent of the bias in protein-coding gene orientation varies widely among species: in Synechocystis sp. and in E. coli, the proportion of genes encoded on the leading strand reaches only 50% and 54%, respectively, whereas in Bacillus subtilis and Mycoplasma genitalium it reaches 74% (Blattner et al. 1997; McLean et al. 1998) . A characteristic that seems to be shared by most bacterial species is that the orientation bias is greater for highly expressed genes (McLean et al. 1998) , which seems to be in agreement with the polymerases collision hypothesis because the risk of collision is likely to be dependent of the transcription rate. However, recent studies have suggested that the main determinant of the gene strand bias may be the ''essentiality'' of genes rather than the level of expression Danchin 2003a, 2003b) .
Another genomic structure associated with the replication mechanism is the DNA base composition asymmetry.
E. Chargaff experimentally determined the approximate equimolarities [A] % [T] and [G] % [C]
for long, singlestranded DNA molecules (Rudner et al. 1968) . It was later proved theoretically that these equalities (referred to as the second parity rule, or PR2) should be observed at the equilibrium state, when mutational and selective pressures are symmetric with respect to the 2 DNA strands (Sueoka 1995; Lobry 1995) . In prokaryotic genomes, local deviations from PR2 (also called GC skews and AT skews) are widely encountered, and they generally divide the chromosome into 2 regions with opposite signs for the base composition skews (Lobry 1996a) . The switch in skew direction generally occurs at the origin and terminus of replication (Lobry 1996a (Lobry , 1996b Francino and Ochman 1997; Grigoriev 1998; Rocha et al. 1999) ; this compositional property is the basis of many in silico methods for the prediction of the origin of replication (Grigoriev 1998; Salzberg et al. 1998; Frank and Lobry 2000; Zhang R and Zhang CT 2002; Worning et al. 2006) .
The causes of the base composition asymmetries observed in prokaryotes have been widely discussed in the recent litterature-see Frank and Lobry (1999) and Rocha (2004) for a review. One plausible explanation is that the nucleotide skews are caused by a mutation bias associated with the replication mechanism itself, given the strand asymmetry of this process; the replication mechanism is thus considered a direct cause of base composition asymmetry. Another hypothesis states that the deviations from PR2 are related to the strand asymmetry of the transcription mechanism, in combination with the biased gene orientation encountered in bacterial chromosomes (for most genes, the coding strand is also the leading strand for replication). Similarly to the latter explanation, it has been proposed that selective forces acting on protein-coding sequences (e.g., through biased codon usage) can cause the nucleotide skews, again when associated with gene orientation bias. In the latter hypotheses, the replication mechanism is considered to be only an indirect factor in base composition asymmetry, acting through the bias in gene orientation.
There is extensive evidence supporting the replication mechanism as a direct cause of base composition asymmetries. The analysis of the codon usage patterns, through statistical methods such as correspondence analysis and correspondence discriminant analysis, showed that in some bacterial species genes encoded on the leading and lagging strands can be distinguished by their synonymous codon choice (Perrière et al. 1996; McInerney 1998) . Using the analysis of variance (ANOVA) method on GC and AT skews, with gene direction and replication orientation as explanatory variables, Tillier and Collins (2000) proved that the base composition of a gene is significantly influenced by its position on the leading or the lagging strand for replication. A study performed on 43 prokaryotic chromosomes confirmed that deviations from PR2 differ significantly between leading and lagging strands, as expected under the hypothesis of replication-induced mutation bias (Lobry and Sueoka 2002) .
However, there is also evidence suggesting that an indirect effect of replication, through gene orientation bias and transcribed/nontranscribed strand asymmetries, would be sufficient to explain the base composition asymmetries. The analysis of the substitution pattern in E. coli coding sequences suggested that the asymmetry is probably generated by a process linked to transcription, and not to the mode of replication, because the substitution patterns were similar on the leading and lagging strands (Francino et al. 1996) .
A recent paper (Nikolaou and Almirantis 2005) has brought an interesting contribution to the area, in favor of the latter type of mechanism. At the basis of their findings is the observation that in bacterial species the base composition skew is generally encountered in combination with a strong coding sequence (CDS) orientation bias. In order to prove that a strong gene orientation bias is a sufficient cause for the emergence of nucleotide skews, the authors propose to artificially rearrange the bacterial chromosome in order to produce a perfect gene orientation bias, and they show that in the case of Nostoc sp., this rearrangement is followed by a strong trend in base composition asymmetry. Thus, according to the results of Nikolaou and Almirantis (2005) , only an indirect role of replication on base composition asymmetry seems to be supported, whereas the gene orientation bias appears to be the main factor responsible for the existence of the nucleotide skews.
We present here a method for distinguishing between the various sources of base composition asymmetry, based on the artificial genome rearrangement proposed by Nikolaou and Almirantis (2005) . We show that the graphical representation of the nucleotide skews on the rearranged chromosomes is a powerful tool for the visual discrimination between the 2 types of mechanisms. We use this method to analyze all the currently available prokaryotic genomic sequences and we examine the distribution of the various patterns exhibited by the rearranged nucleotide skews.
We show that in most of the species the nucleotide skews induced by the artificial genome rearrangements exhibit significant breakpoints at the origin and terminus of replication. Our results are in favor of the hypothesis of a direct effect of the replication mechanism on nucleotide skews, independent of coding sequence orientation. We agree nevertheless that asymmetries between the coding and noncoding strands, caused by mechanisms such as transcription-induced mutation bias or codon choice, are responsible for a large part of the nucleotide skews encountered in prokaryotes.
Our results confirm that the impact of the replication mechanism on nucleotide asymmetries is different for GC and AT skews. Although the effect of replication on the GC skew is generally very strong, we show that in numerous species the AT skew is exclusively caused by coding sequence-related mechanisms.
Finally, we analyzed the variability in AT skew sign among species. A recent work has proposed that the direction of AT skew in prokaryotes is determined by the polymerasea subunit that replicates the leading strand (Worning et al. 2006) . Our results show that the direction of the AT skew caused by replication alone is highly variable even within taxonomic groups, such as Firmicutes, that use the same subunit for the replication of the leading strand.
Material and Methods

Sequence Data
The data set consists of 389 complete prokaryotic chromosomes, extracted from the National Center for Biotechnology Information complete genomes database on July 26th, 2006. The annotated sequence files were retrieved from ftp://ftp.ncbi.nih.gov/genomes/Bacteria/and analyzed using functions from the seqinR package (Charif and Lobry 2006) of the R statistical computing environment (R Development Core Team 2005). The annotations were parsed to extract coding sequence boundaries; protein-coding genes that were annotated as partial or with introns were ignored.
Artificial Genome Rearrangements
The chromosomes were artificially rearranged to obtain a perfect gene orientation bias (also called here CDS skew), as described in Nikolaou and Almirantis (2005) . All the genes encoded on the forward strand were moved to the first half of the chromosome, and all the reverse strand encoded genes were relocated on the second half. This rearrangement conserved the relative order of genes within each of the 2 groups-both forward-encoded and reverseencoded genes are placed on the rearranged chromosome in increasing order of their coordinates on the real 2170 Necs xulea and Lobry chromosome. We computed the base composition skews only on protein-coding sequences; therefore, intergenic sequences were ignored when rearranging the genome, and the artificially generated nucleotides skews were plotted against the gene index, instead of the actual coordinates on the chromosome.
Cumulative Skews
The base composition asymmetry of the rearranged bacterial chromosomes was described through cumulative GC and AT skew diagrams. The cumulative skews for a chromosome were obtained by summing the relative skews for each protein-coding gene, computed on third codon positions: GC skew 5 (G3 À C3)/(G3 þ C3) and AT skew 5 (A3 À T3)/(A3 þ T3).
The skew computations were performed exclusively on the published DNA strand, not on the coding strand of the genes.
The gene orientation bias is measured through the CDS skew. Each gene is assigned a value, either þ1 or À1, according to the transcription orientation (þ1 for forward-encoded genes, À1 for reverse-encoded genes); the cumulative sum of these values gives the CDS skew.
Breakpoint Detection and Significance
Under the assumption that base composition asymmetries are exclusively caused by a local bias in coding sequences (such as a transcription-related mutation bias, or a selective mechanism such as biased codon usage), in combination with gene orientation bias, the artificial nucleotide skews generated through genome rearrangements should follow the perfect CDS skew (Nikolaou and Almirantis 2005) . Thus, within each group of genes (forward encoded and reverse encoded), the cumulated artificial nucleotide skews should vary linearly along the rearranged chromosome, as does the cumulated artificial CDS skew (cf. fig. 1a ).
If we assume, on the contrary, that the replication process has a nonnegligible effect on base composition asymmetry, the difference between the leading and the lagging strand should be visible as a change of slope in the linear regression of the artificial nucleotide skews against the chromosome position, for both forward-encoded and reverse-encoded genes (cf. fig. 1b ). We therefore wanted to verify if the relationship between the cumulated nucleotide skews and the position on the chromosome can be best described by a standard linear model or by a piecewise linear model, with breakpoints corresponding to the origin and terminus of replication.
We analyzed the relationship between the cumulated nucleotide skews and the position on the chromosome, separately for the forward-encoded and reverse-encoded groups of genes. We chose the gene index as a measure of the position on the chromosome, instead of the actual coordinate.
We used the segmented.lm function in the segmented package (Muggeo 2004 ) in R to search for breakpoints in the linear regression of the artificial cumulated GC and AT skews against the gene index, for each of the 2 groups. This function implements an iterative algorithm to estimate the position of the breakpoints, by trying to maximize the likelihood function and to minimize the residual sum of squares of the regression, and requires starting values for the breakpoints (Muggeo 2003) .
As we could not tell beforehand how many breakpoints might the linear regression display, we used segmented.lm to determine 5 potential breakpoints, and we then evaluated their significance as described in the next paragraph. In order to avoid the situation where the estimated optimal set of breakpoints corresponds only to a local extremum of the likelihood and residual sum of squares functions, we performed a grid search by applying the segmented.lm function to a series of 150 sets of initial breakpoint values, drawn from a uniform distribution, and we then selected among the results the one that minimized the residual sum of squares. We then repeated the same procedure, changing the number of breakpoints to 4, 3, 2, and 1.
We then performed an additional procedure meant to refine the position of the breakpoints, by repeating the grid search on a restricted region surrounding each of the previously found breakpoints, of maximum length equal to 200 genes (100 genes in the 5# region and 100 genes in the 3# region of the breakpoint).
In order to test the significance of the breakpoints, we used as a measure for the ''strength'' of each breakpoint the difference in slopes between the 2 segments it delimits. We then obtained the expected distribution of the slope differences for each chromosome, within each group of genes (forward encoded and reverse encoded), and for each number of expected breakpoints (from 1 to 5), by randomly permuting the gene order, detecting the breakpoints and then computing the slope differences on the permuted data sets; we performed 150 permutations for each group of genes. For each ''real'' breakpoint, we could thus compute a p-value, indicating whether this breakpoint could have been obtained simply by chance; the p-value of a breakpoint is equal to the proportion of times that a slope difference at least as large (in absolute value) was observed in the permuted data sets. Our p-value allows us to test the following null hypothesis: the breakpoints in rearranged nucleotide skews derive only from the intrinsic variation in GC and AT skews among genes and not from their order on the chromosome.
We chose a threshold of 5% and a top-down approach to determine the number of significant breakpoints as follows: we first computed the p-values for the data sets with 5 breakpoints. If at least one of the 5 breakpoints was considered nonsignificant (p-value higher than 5%), we moved on to the data set with 4 breakpoints, and so on, until all the remaining breakpoints were significant or until no breakpoints remained.
We set the maximum number of breakpoints at 5 because in most of the cases only 1 or 2 breakpoints should be observed, corresponding to the origin or terminus of replication. However, in some particular species, such as Pasteurella multocida or Yersinia pestis, several segmental inversions with respect to the origin of replication can be observed; these inversions create a number of additional breakpoints. For these species, we used the same procedure but setting the maximum number of breakpoints at 7. We used the same procedure for archaeal species of the genera Sulfolobus and Halobacterium, where multiple origins of replication have either been determined experimentally (Lundgrenetal.2004; Robinsonetal.2004 )orinferredthrough computational methods (Zhang R and Zhang CT 2003) .
Due to the length of the significance computations, we computed the number of significant breakpoints only for one species (or strain) per genus, which allowed us to restrict the data set to 173 chromosomes. For the other species, we assumed that the number of significant breakpoints is constant within a genus, unless the visual inspection of the nucleotide skews graphs indicated otherwise, and we then determined their location according to the first part of our procedure.
Origins of Replication Dataset
To verify if the breakpoints detected in the nucleotide skews correspond to the origin and the terminus of replication, we needed to know the positions of these 2 points on all completely sequenced chromosomes.
We used Oriloc (Frank and Lobry 2000) to predict the origin and terminus of replication in prokaryotic chromosomes, through the following procedure: we computed the cumulated composite skew given by this program (a linear combination of the GC and AT skews) in third codon position, and we determined its minimum and maximum. We used the gene orientation bias to decide which extremum corresponds to the origin of replication, by assuming that most genes are encoded on the leading strand for replication-in this way, we make no a priori assumption on the direction of the nucleotide skews on the leading strand.
As a complement, we used the predictions for the origin and terminus of replication provided by Worning et al. (2006) for circular chromosomes (http://www.cbs.dtu.dk/ services/GenomeAtlas/suppl/origin/). We also used the procedure described by Mackiewicz et al. (2004) , which predicts the position of the origin of replication based on the DnaA box distribution and on the position of the dnaA genes. The results are available at http://pbil.univ-lyon1.fr/ datasets/Necsulea2007/origins.
Simulated Dataset
In order to verify the specificity of the breakpoint detection method, we built a data set that simulates a chromosome with 1000 genes, for which the rearranged skews display 2 breakpoints, corresponding to the origin and terminus. The skews were drawn from a Gaussian distribution, with the parameters (m, sd) for the leading strand and (m þ r, sd) for the lagging strand. The first and third segments delimited by the breakpoints (that correspond here to the leading strand) cover a fraction fr and 0.5 À fr of the chromosome, respectively, whereas the second segment (that corresponds here to the lagging strand) covers half of the chromosome. We allowed the parameters m and r to vary between 0.001 and 10, sd between 0.001 and 1, and fr between 0.01 and 0.3. We repeated the simulation 100 times for each set of parameters, and we permuted the simulated data set 100 times to compute the significance of the breakpoints.
Reproducibility and Supplementary Material
The data set used in this paper is available at the following URL: http://pbil.univ-lyon1.fr/datasets/Necsulea2007/ dataset. All the programs used in this work are available upon request; the functions that allow the computation and the graphical representation of the rearranged nucleotide skews are available in the 1.0.7 version of the seqinR package in R.
The results of our analyses for all 389 chromosomes are available at the following URL: http://pbil.univ-lyon1. fr/datasets/Necsulea2007/html/index.html.
Results and Discussion
Analysis of the Nucleotide Skews in Artificially Rearranged Chromosomes Figure 1 illustrates how the analysis of the nucleotide skews in rearranged chromosomes can be a useful method 2172 Necs xulea and Lobry to distinguish between the 2 main sources of base composition asymmetry: coding sequence-related bias (transcription-induced mutation biases or codon usage bias) and replication-related mutation bias.
In the case of Gloeobacter violaceus, the rearranged GC skew is perfectly correlated with the CDS skew; no significant breakpoints are detected. This means that the transcription orientation of genes is a sufficient predictor of their nucleotide skew; the replication mechanism does not have a significant effect on base composition asymmetry in this species.
In the case of E. coli K12, 2 significant breakpoints are detected for each group of genes (forward encoded and reverse encoded). For forward-encoded genes, the coordinates of the breakpoints (with respect to the original chromosome) are approximately 1.605 and 3.962 Mb, whereas for reverse-encoded genes the coordinates are approximately 1.603 and 3.858 Mb. The positions of the origin and terminus of replication in E. coli have been determined experimentally; the origin was identified near the ilv locus, at 74 min on the genetic map of the chromosome, and the terminus near the trp locus, on a point diametrically opposed to the origin (Bird et al. 1972) . In terms of position on the chromosome sequence, these locations correspond to approximately 3.9 and 1.6 Mb; these positions correspond as expected with the switches in nucleotide skew direction (Blattner et al. 1997) . Therefore, the breakpoints observed in the rearranged skew correspond to the origin and terminus of replication in this chromosome.
The existence of breakpoints in the rearranged skews and their localization at the origin and terminus of replication is a clear indication that the replication mechanism has a strong direct effect on nucleotide skews. The slope in GC skew is thus significantly different between the leading and the lagging strands; for this particular example, the slope in GC skew is higher in the leading strand than in the lagging strand. In this case, the effect of replication is an enrichment in G over C in the leading strand. Figure 2 illustrates the different rearranged skew patterns that are encountered in completely sequenced prokaryotic chromosomes.
Different Skew Patterns in Prokaryotes
In the first situation, exemplified by the Anabaena variabilis chromosome ( fig. 2a) , our method does not detect any significant breakpoints, neither for the GC skew nor for the AT skew, or if significant breakpoints are detected, their position is distant from the origin and terminus for replication. Our interpretation for this situation is that the replication mechanism has no direct effect on base composition skews. This situation is encountered in 44 of 389 chromosomes (cf. table 1). In Bacteria, only 33 of 360 chromosomes show no significant effect of replication. The absence of direct replication effects on base composition skews seems to be more frequent in certain bacterial families, such as Mollicutes, where 10 of 16 chromosomes show no effect of replication on nucleotide skews, or Cyanobacteria (7 of 17 chromosomes). In Archaea, this situation is more frequent (11 of 29 chromosomes), but the number of completely sequenced Archaeal chromosomes is still too small to draw a general conclusion.
The opposite situation, illustrated here by the case of Ehrlichia canis Jake ( fig. 2b) , is where both types of skews display significant breakpoints that coincide with the origin and/or terminus of replication. This situation is more widely encountered (246 of 389 chromosomes). We confirm the existence of a general trend in G over C enrichment in the leading strand; only 4 species were found to have an apparent enrichment in C over G in the leading strandHalobacterium sp. NRC-1, Streptomyces coelicolor, Thermobifida fusca, and Natronomonas pharaonis.
The direction of the AT skew shows more variability; in most cases (including E. canis Jake), the leading strand is enriched in T over A. The opposite pattern is encountered exclusively within Firmicutes and Fusobacteria (cf. The Effect of Replication on AT Skews in Firmicutes for further discussion). The case of E. canis Jake is also interesting because the AT skew displays 2 additional breakpoints, for each of the forward-encoded and reverse-encoded group of genes, which seem to have no connection with the replication origin or terminus. These breakpoints delimit 2 segments situated at 1239-1291 kb and at 1018-1052 kb on the chromosome. The GC skew, however, does not display any significant breakpoints at these positions. This situation, where additional significant breakpoints other than the terminus or origin of replication are detected, is not unfrequent in Bacteria. The existence of these additional breakpoints could in some cases be explained by recent strand inversions (indeed, skew diagrams have been previously used to detect strand inversions and deletions [Grigoriev 1998 [Grigoriev , 2000 ), but it is also possible that they may delimit clusters of genes with unusual codon usage, perhaps, acquired by horizontal transfer or simply annotation errors.
In numerous prokaryotic species, the replication mechanism seems to have a direct effect only on one type of skew, either GC or AT. For example, in Carboxydothermus hydrogenoformans Z-2901 ( fig. 2c ), significant breakpoints are found only on the GC skew curve. This situation, where the replication mechanisms have a significant impact only on the GC skew, is shared by 79 prokaryotic chromosomes (74 Bacteria and 5 Archaea).
The opposite case, where only the AT skew displays significant breakpoints, is illustrated here by Methanopyrus kandleri (fig. 2d ). In Bacteria, this situation is only encountered in 14 chromosomes. There is no clear pattern in the phylogenetic distribution of these chromosomes within Bacteria-species with this type of nucleotide skews have been encountered in numerous classes (Actinobacteria, Cyanobacteria, Deinococcus/Thermus, Mollicutes, and Proteobacteria). In Archaea, this pattern is encountered in 6 chromosomes.
Archaeal Species with Multiple Origins of Replication
Until recently, archaeal species were thought to follow the bacterial mode of replication, with a single origin and terminus. However, experimental analyses of the cell cycle have identified 3 origins of replication in the Sulfolobus acidocaldarius and Sulfolobus solfataricus chromosomes 2174 Necs xulea and Lobry (Robinson et al. 2004; Lundgren et al. 2004 ). Previous in silico studies had suggested that multiple origins of replication may also be present in Halobacterium sp. NRC-1 (Zhang R and Zhang CT 2005) , although only one origin was determined experimentally (Berquist and DasSarma 2003) .
We wanted to verify whether our method could detect a significant effect of replication on base composition asymmetry in chromosomes with multiple origins. Figure 2e and f shows the results of our approach for S. acidocaldarius and Halobacterium sp. NRC-1. For these 2 species, we have constrained the number of breakpoints to 5, the minimum number expected for a chromosome with 3 origins of replication, although not all of them have a significant p-value.
For S. acidocaldarius, the 3 origins of replication were identified at the beginning of the published sequence, at 0.63 and 1.2 Mb . The second and the fourth breakpoints identified by our approach correspond (roughly) to the positions of the second and third origin (the positions of these breakpoints are at approximately 0.59 and 1.19 Mb for the GC skew and at approximately 0.60 and 1.21 Mb for the AT skew). It must be noted, however, that even these breakpoints are not all significant according to our approach; for 2 of the breakpoints the p-value is greater than 0.05.
For Halobacterium sp. NRC-1, a previous study had predicted 2 origins of replication, at 0.92 and 1.8 Mb (Zhang R and Zhang CT 2005) , the latter of which was also confirmed experimentally (Berquist and DasSarma 2003) . With our approach, the second and the fifth breakpoints are placed at approximately 0.9 and 1.8 Mb, for both types of skews. Once again, the breakpoints are not all significant; for the GC skew, only the one placed at 1.8 Mb has a pvalue lower than 0.05, whereas for the AT skew none of the breakpoints is significant. We confirm that the replication mechanism seems to favor a C over G enrichment in the leading strand for this species.
These results suggest that, although our approach seems to be able to identify the positions of the multiple origins of replication, the effect of the replication in these species appears to be relatively weak, as compared with other prokaryotic species where our procedure identifies significant breakpoints.
The Effect of Replication on AT Skews in Firmicutes
Although the G over C enrichment in the leading strand seems to be a nearly universal feature of bacterial chromosomes, the sign of the AT skew on the leading strand shows much greater variability. A recent paper (Worning et al. 2006) has suggested that the sign of AT skew is determined by the polymerase-a subunit that replicates the leading strand. In B. subtilis, the 2 polymerase-a subunits are different, encoded by the polC and the dnaE genes; the former replicates the leading strand and the latter the lagging strand (Dervyn et al. 2001) . The genomes of Firmicutes, Fusobacteria, and Aquificales encode homologues to both these genes (Worning et al. 2006) . Worning et al. have shown that in genomes where both genes are present, the AT skew is positive on the leading strand, whereas in genomes that contain only dnaE the AT skew is negative. The authors suggested that the explanation for this pattern may be related to the proofreading capacity of the polymerase replicating the leading strand.
The application of our method to all the completely sequenced genomes allowed us to test if the link between the presence or absence of polC and the sign of the AT skew is still valid when the replication-related and coding sequence-related biases are decoupled. Our results indicate that the effect of replication on AT skew is highly variable even within the Firmicutes (cf. fig. 3 ).
In the first Firmicute genome represented in figure 3 (Bacillus anthracis Ames), the AT skew displays one significant breakpoint, corresponding to the terminus of replication, for each group of genes (forward encoded and reverse encoded). The slope of the AT skew is higher for genes encoded on the leading strand of the replication than for lagging strand genes, regardless of the transcription orientation of the genes. Thus, the leading strand contains indeed more A than T. The same situation is encountered for Lactobacillus salivarius UCC 118, as well as in Clostridium species and most of the Bacillus, Staphylococcus, and Lactococcus species (cf. Supplementary Material online). It must be noted, however, that not all Bacillus species show the same pattern; for example, in Bacillus halodurans and B. subtilis the AT skew does not exhibit clear breakpoints, which suggests that the effect of replication on the AT skew is weaker in these species.
The rearranged AT skew for Lactobacillus acidophilus NCFM does not display any significant breakpoints, suggesting that the replication mechanism has no significant effect on this nucleotide skew. This is in striking contrast with the pattern exhibited by the rearranged GC skew, where the difference in slope between the leading and the lagging strands is very strong. This situation is encountered in all other Lactobacillus species analyzed, with the exception of L. salivarius.
An even more surprising situation is the case of Thermoanaerobacter tengcongensis, a member of the Clostridia family. On this chromosome, significant breakpoints corresponding to the terminus of replication are found on the rearranged AT skew. The slope of the AT skew is higher for genes encoded on the lagging strands for replication; thus, the leading strand contains more T than A. The same T over A enrichment in the leading strand is encountered in Geobacillus kaustophilus.
If PolC is effectively used by all Firmicutes for the replication of the leading DNA strand, it becomes reasonable to assume that the effect of the replication mechanism The Effect of Replication on DNA Asymmetry 2175 on the AT skew is not determined exclusively by the differential usage of DnaE or PolC.
The inconsistency between our results and those of Worning et al. (2006) might be explained by the differences in methodology. In our approach, just as in Oriloc (Frank and Lobry 2000) , the nucleotide skews are computed only on protein-coding sequences, and only for third codon positions, whereas the more complex method developed by Worning et al. (2006) computes oligomeric skews, on the entire chromosome sequence. More importantly, our method is specifically devised to separate the effects of replication and of coding sequence-related mechanisms, whereas the distinction between the possible sources of the base composition asymmetry is not a priori searched by Worning et al. (2006) . As suggested by an anonymous reviewer, a possible confounding factor is the relation between the excess of genes encoded on the leading strand and the presence or absence of the polC gene (Rocha 2002) .
Performance of the New Method
The method presented here is focused on the impact of the replication mechanism on the base composition asymmetry. Detecting the origin and terminus of replication is not the objective of our approach, although the coordinates of the significant breakpoints in the rearranged nucleotide skews can in most cases confirm their positions.
An important aspect is that here we compute the nucleotide skews only on third codon positions of protein-coding sequences. This choice can be justified by the generally high gene density of prokaryotic genomes; when using a sliding window approach that does not distinguish between coding and noncoding sequences, a large proportion of the nucleotides analyzed may have a functional role (e.g., first and second codon positions), which means that selective effects may superpose with mutational pressures. By taking into account only third codon positions in the skew computations, the effect of selective pressures is likely to be less important, given that these positions are mostly synonymous and, therefore, potentially neutral.
Sensitivity Analysis
Our approach relies heavily on the breakpoint detection algorithm described by Muggeo (2003) . This breakpoint estimation method has been shown to be unbiased, but its accuracy is influenced by the breakpoint location and the difference in slopes (Muggeo 2003) . In order to verify if this aspect could influence our results, we estimated the sensitivity of our approach using a simulated data set (cf. Material and methods and Supplementary Material online).
The results of the simulations show that the influence of the breakpoint location on the accuracy of its prediction is weak. The position of the breakpoint can be generally 2176 Necs xulea and Lobry estimated with good accuracy, except for situations where segments are smaller than 5% of the total length of the chromosome (cf. Supplementary fig. 3 ). Our method might therefore fail to detect origins or termini of replication that are very close to the start or the end of the published sequence. For circular chromosomes, it is possible to circumvent the bias by rotating the sequence, but for linear chromosomes, this may indeed be a problem.
We also evaluated the impact of the slope difference (which corresponds here to the effect of replication on nucleotide skews) on the breakpoint estimation. We find that our method is able to accurately detect the breakpoint position even for a very weak effect of replication. For example, when the standard deviation of the simulated skews is set at 0.01, we can detect significant breakpoints within 2% of the chromosome length of the real breakpoints, even for slope differences as small as 10 À4 (cf. Supplementary fig.  2 ). The global slope of the cumulated skews, that corresponds to the coding sequence-related effects, does not appear to influence the accuracy of the prediction; however, the variance of the simulated skews has a strong impact on the position of the estimated breakpoints (cf. Supplementary figs. 1 and 4).
Comparison with Other Methods for the Detection of Replication-Related Effects
The study of DNA base composition asymmetry has been the basis for the development of numerous computational methods for the detection of the origin and terminus of replication. Ranging from simple nucleotide skew analyses (Grigoriev 1998; Frank and Lobry 2000) to more complex approaches based on oligomer frequencies (Salzberg et al. 1998; Zhang R and Zhang CT 2005; Worning et al. 2006 ), these methods have been used to detect or to confirm the boundaries of the replichores in most of the recently published prokaryotic genomes. Comparatively less attention has been given to the study of the evolutionary mechanisms that may cause the base composition asymmetries, although several statistical methods that assess the relative contributions of the different types of mechanisms have been proposed (Perrière et al. 1996; Tillier and Collins 2000; Lobry and Sueoka 2002) .
We performed a comparison of this new approach with the methods described by Tillier and Collins (2000) and Lobry and Sueoka (2002) on the 173 chromosomes for which significance computations were performed. Both these methods are based on a comparison between the means of the nucleotide skews on the leading and lagging strands for replication; the former uses a 2-way ANOVA of the skews, with the replication and transcription orientation as explanatory variables, whereas the latter performs a t-test to compare the skews computed on the transcribed strand of the genes between the leading and the lagging strand for replication. We followed the conventions of Tillier and Collins (2000) and Lobry and Sueoka (2002) and considered that the replication mechanism had a significant effect on the nucleotide skews when the p-value was lower than 0.01. We did not use the same significance threshold for our approach because our randomization test was considerably less powerful than the previously cited parametric tests; we chose instead a threshold of 0.05 for the significance of the breakpoints. In our approach, we consider that replication has an effect on the base composition asymmetry when the rearranged skews show significant breakpoints close to the origin and terminus (see Supplementary Material online for more details). With these conventions, we find that there is a general agreement between the 3 methods, although our approach seems to be more conservative. For the AT skew, our approach disagrees with the methods described by Tillier and Collins (2000) and Lobry and Sueoka (2002) in only 18 and 19 chromosomes, respectively. For the GC skews, the numbers are similar (14 and 13, respectively)- see table 2 and Supplementary table 2 . Almost all these incoherences between the 3 approaches correspond to situations where our method does not detect a significant effect of replication. A possible explanation for these inconsistencies may be that the approach presented here lacks sensitivity, as compared with the parametric tests used by Tillier and Collins (2000) and Lobry and Sueoka (2002) . However, although these 2 methods are more sensitive, they may also be prone to biases such as uneven distribution of highly expressed genes, with highly biased codon usage, between the leading and lagging strands.
Conclusion and Perspectives
We presented here a new computational approach for the analysis of the base composition asymmetry, aimed for the specific detection of replication-associated effects, and we applied it to a large number of complete bacterial and archaeal genomes. We were able to show that in many species the replication mechanism has different impacts on the 2 types of nucleotide skews. Our method has allowed us to address the question of the variability of the direction of the Table 2 Comparison between Our Approach and the Methods Proposed by Tillier and Collins (2000) and Lobry and Sueoka (2002) NOTE.-Cases where the P values are not available for these 2 methods correspond to chromosomes where the origin and terminus could not be determined with certainty.
The Effect of Replication on DNA Asymmetry 2177 AT skew in prokaryotic species, and we concluded that the differential usage of the PolC/DnaE polymerase a-subunits is not the only factor that influences the sign of the AT skew on the leading strand.
A recent work has demonstrated that the mutational processes that cause base composition asymmetry vary considerably between species, even when the compositional biases are similar (Rocha et al. 2006 ); another interesting study has shown that differences in skew intensity between closely related species may be caused by the loss of genes involved in replication restart pathways (Klasson and Andersson 2006) . We have shown here that the asymmetry patterns are more complex than originally thought; we believe that the methods used by Rocha et al. (2006) and Klasson and Andersson (2006) may also be able to shed more light on the causes of the variability in base composition skews.
Supplementary Material
Supplementary figs 1-4, table 2, and other Supplementary Materials are found at Molecular Biology and Evolution online (http://www.mbe.oxfordjournals.org/).
